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ABSTRACT: The photophysical properties of ﬁlms of organic−
inorganic lead halide perovskites under diﬀerent ambient
conditions are herein reported. We demonstrate that their
luminescent properties are determined by the interplay between
photoinduced activation and darkening processes, which strongly
depend on the atmosphere surrounding the samples. We have
isolated oxygen and moisture as the key elements in each process,
activation and darkening, both of which involve the interaction
with photogenerated carriers. These ﬁndings show that environ-
mental factors play a key role in the performance of lead halide
perovskites as eﬃcient luminescent materials.
Hybrid organic−inorganic lead halide perovskites haveentered the race for a low-cost, high-eﬃciency material to
serve as a light harvester for next-generation photovoltaic
devices.1 While reports on improved eﬃciency are being
updated by the week,2 evidencing unprecedented performances
for solution-processed photovoltaic approaches, issues related
with the realization of real-world devices are only recently being
tackled. These involve long-term stability, materials degrada-
tion,3−7 the introduction of environmentally friendly lead-free
approaches,8 and so forth. Beside the interest in photovoltaic
applications, their potential use as a luminescent material for
light-emitting devices, a good performance in both ﬁelds being
linked,9 has fostered a number of studies exploring the
performance of perovskites from the point of view of their
optical gain10 or quantum yield or as components for optical
devices such as LEDs11,12 or lasers,13,14 to name but a few. The
potential of this material for emission purposes can be further
enhanced by modifying its photoluminescence (PL) spectral
properties, throughout the entire visible range of the electro-
magnetic spectrum, through controlled changes in its
stoichiometry.3 Again, concern on stability and degradation
aﬀecting their performance is being raised. Further, the
achievement of eﬃcient devices will demand a deep under-
standing of the emissive properties of these materials, and
issues related to the role of trap states associated with defects
introducing nonradiative de-excitation paths or photobleaching
will have to be dealt with.
In this work, we have studied the slow dynamics of PL of
organic−inorganic lead halide perovskite (CH3NH3PbI3) ﬁlms
under continuous optical excitation. A competition between
activation and darkening of their PL is observed, which strongly
depends on the optical pump characteristics. While PL
activation has been recently observed and associated with the
passivation of trap states related with defects, comprising
nonradiative de-excitation pathways for photogenerated
carriers,15−17 its combination with darkening on similar time
scales has not been reported. In order to gain understanding
into the origin of these two processes, we consider the eﬀect of
the atmosphere by placing the samples under controlled
ambient conditions. We ﬁnd that while trap state ﬁlling by
photogenerated carriers is likely responsible for the activation
of the perovskite PL, the role of the surrounding atmosphere is
crucial, pointing to oxygen being determinant. On the other
hand, the photodarkening process is linked with the presence of
water in the environment, but contrary to previous reports,5,7
this photoinduced process is partially reversible and does not
present signs of material degradation, such as changes in
absorption or material color. An analytical model allows us to
quantify the eﬀect of the diﬀerent atmospheres on the
activation and deactivation phenomena responsible for the
observed photoemission dynamics. Our ﬁndings constitute a
step forward toward the understanding of the emissive
properties of lead halide perovskites needed to establish clear
guidelines to design future eﬃcient light-emitting devices.
Thin (ca. 300 nm) perovskite ﬁlms were deposited on low
ﬂuorescence glasses by spin coating (see the Experimental
Section). The preparation procedure is based on the antisolvent
engineering18 in which the perovskite precursors are deposited
by spin-coating. After 6 s, chlorobenzene is added in order to
induce crystallization, giving rise to a narrow crystal size
distribution around an average controlled value of hundreds of
nanometers (estimated to be around 300 nm in our particular
case) as our goal was to minimize the potential eﬀect of grain
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boundaries. Nevertheless, the results presented throughout the
Letter are not dependent on the sample preparation as similar
samples fabricated according to a diﬀerent procedure19 showed
similar photophysical properties. Scanning electron microscopy
(SEM) and X-ray diﬀraction (XRD) characterization results are
provided as Supporting Information (Figures S1 and S2).
Absorption measurements show a sharp band edge at 750 nm,
accompanied by a PL peak at 775 nm with a full width at half-
maximum (fwhm) of 45 nm under optical excitation with
monochromatic laser light (see Figure 1). The evolution of the
PL maximum was monitored as the excitation wavelength was
scanned throughout the visible. The spectral trend of this
photoluminescence excitation (PLE) curve was found to be
diﬀerent from that of the absorbance with two clear maxima at
510 and 750 nm. These spectral positions coincide with the
transition between a dual valence band and a conduction band
already reported.20 The marked diﬀerence between absorbance
and PLE evidences that carriers generated by photons with
large energy have a higher contribution to the PL than carries
produced at low energy.
Beyond its dependence with the excitation wavelength, the
PL peak presents a slow (in the range of minutes under the
present optical pump conditions) dynamics with an initial
photoactivation stage followed by a photodarkening one. As a
matter of fact, both processes are likely taking place
simultaneously, the latter becoming the dominant one after a
time tc. This feature becomes evident when one plots the PL
maximum (λ = 775 nm) (see Figure 2a) as a function of
illumination time. Simultaneously with the PL measurements,
we monitored the absorption at the excitation wavelength (see
Figure 2b). Here, it is evident that large changes in PL intensity
are accompanied by a nearly constant pump absorption
(ﬂuctuations of ∼2%). This behavior indicates that the variation
in the sample emission is due to changes in quantum yield
related with the interplay between the eﬃciency of radiative
and nonradiative decay paths of the photogenerated carriers.
Further, if we compare PL spectra collected at three diﬀerent
stages of the collection period, it can be appreciated that no
changes in the spectral shape take place (see Figure 2c), which
indicates that the electron transitions involved in the PL time
evolution observed have a nonradiative character.
Both photoactivation and photodarkening processes are
strongly dependent on the intensity of the pump beam. Upon
increasing the intensity, the PL raises linearly, and both
activation and darkening rates increase, as evidenced by the
slopes of the slow dynamics of the PL (see Figure 3a). For an
excitation intensity above 0.7 W/cm2, the PL dynamics reaches
a stationary behavior, as evidenced by the evolution of tc
(Figure 3b).
Figure 1. Normalized PL and PLE (black and blue, respectively) and
absorptance (red line) spectra from thin perovskite ﬁlms.
Figure 2. (a) PL maximum (λ = 775 nm) as a function of time under
excitation with monochromatic light at λ = 500 nm. (b) Transmitted
pump intensity. (c) Normalized PL spectra at three stages of the time
evolution (marked by numbered dots in (a)).
Figure 3. (a) Evolution of the PL maximum (λ = 775 nm) as a
function of time under excitation with monochromatic light at λ = 500
nm for diﬀerent pump intensities. (b) Time elapsed to reach the PL
maximum, tc, against excitation intensity.
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Photoactivation emission dynamics have been recently
reported in a number of publications.15−17,21 While some
reports point to the existence of a change in the material
morphology upon illumination,16 it is not the case in our
ﬁndings as the reported material modiﬁcations are accompanied
by strong changes in the PL spectral shape that are not
observed here (see Figure 2b). It has also been suggested by
Sańchez and co-workers21 that slow changes in PL from the
perovskite can be due to preferential absorption of light with
diﬀerent polarization by crystal domains with diﬀerent
orientations, something that we tested by using linearly and
circularly polarized light and observing no change in the slow
dynamics (see Figure S3, Supporting Information). Similar slow
(seconds to minutes) dynamics have been observed in the
evolution of the photocurrent in perovskite thin ﬁlms and
photovoltaic devices and associated with structural changes,22
the appearance of spatial charge near the electrodes as a
consequence of ion migration,23 and the existence of
ferroelectric domains.24 In several cases, such slow response
has been associated with the hysteresis usually measured in the
photocurrent under forward and reverse bias scan of perovskite-
based solar cells. While taking place on a similar time scale, we
believe that the above mechanisms are not the origin of the
presented behavior of the photophysics as our samples are not
being exposed to an external bias. The photoactivation is likely
related to the ﬁlling of subgap trap states, which limit the PL of
the perovskite.15 The nature of these traps, which can be
shallow or deep, will depend on the kind of defect originating it.
Recent numerical simulations have predicted defect states at
several positions spanning the whole band gap of the
perovskite.25,26 In our case, independent of the nature of the
defect, we have observed that carriers trapped at these states do
not aﬀect the spectral shape of the PL of the samples as no low-
energy PL band associated with defect state emission was
observed up to λ = 950 nm.
Next, we focus on the photodarkening of the perovskite ﬁlms
under prolonged optical pumping. This process can be due to
the degradation of the perovskite matrix under illumination, as
recently reported in a number of studies.3−6 A combination of
illumination and high temperature has been demonstrated to
degrade similar perovskite ﬁlms as a consequence of the
decomposition of the perovskite matrix that leads to PbI2
crystallization. In our case, such temperature-triggered degra-
dation (which could be caused by local heating by the pump
beam) can be ruled out. On the one hand, no physical change
associated with the color of the perovskite ﬁlm was observed
after illumination experiments. Further, if PbI2 formed as a
subproduct of the degradation, its PL would be observed in the
spectra collected at times where the perovskite PL starts to
decrease. No emission from crystalline PbI2 (expected at λ =
500 nm) was observed when pumped with a wavelength of 450
nm. Other evidence of the absence of material degradation
comes from the fact that no change in the absorption of the
pump is detected throughout the whole transient behavior (see
Figure 2b), contrary to reports where a strong modiﬁcation of
the transmittance accompanies perovskite degradation.5,6 A
worsening of perovskite solar cell performance has been also
observed under UV illumination and attributed to the
interaction between the perovskite and a TiO2 scaﬀold.
4 As
we are dealing with the bulk perovskite material irradiated with
visible light, our observations must represent a diﬀerent
mechanism.
In order to gain further insight into these two processes, we
studied the photophysics of the samples under ambient as well
as N2 and O2 atmospheres. Samples were kept in an
environment-controlled chamber through which the diﬀerent
gases were passed. The time evolution of the PL was measured
by sequentially changing the atmosphere. Between each
measurement, the sample was exposed to the corresponding
gas ﬂux without any illumination for a period of 5 min in order
to guarantee a complete replacement of the atmosphere. Figure
4 shows the evolution of the PL maximum as we expose the
samples to O2/N2 and N2/O2 sequential ﬂuxes. From these
results, it is evident that the photoactivation of the PL strongly
depends on the surrounding atmosphere. In particular, the
activation is more eﬀective in the presence of O2 than N2. If the
activation process is in fact related with the ﬁlling of charge
traps, as recently suggested, the present results point to oxygen
playing a relevant role in the process. A plausible scenario is
that of photoexcited charges being trapped at noncoordinated
Pb2+ species lying at the sample surface and at grain
boundaries27,28 and promoting the passivation of such traps
by the formation of lead oxide, as has been recently proposed.28
While this mechanism is energetically favorable and would also
explain why the activation eﬀect remains for at least the 5 min
period of darkness, its reversibility in the presence of N2 (and
over a series of successive cycles) means that further tests will
be needed to understand the details of this dynamic process,
which demands the presence of light and strongly depends on
the atmosphere surrounding the sample.
From the results of Figure 4, it is evident that the strong
photodarkening is mainly due to the presence of moisture in
the atmosphere surrounding the samples when the sample is
illuminated in air. If we study the evolution of the PL under air/
N2/O2 while optically pumping with a constant intensity (0.3
W/cm2), we ﬁnd that the drop in PL of over 90% observed in
air is reduced to 15−20% when the sample is placed in N2 or
O2 (see Figure 5). Further, from the results in Figure 5, it can
be seen that the photodarkening during illumination in air is
Figure 4. Dynamics of the PL maximum under constant pump
conditions for bulk perovskites under diﬀerent atmospheric conditions.
(a) Passing an O2 ﬂux followed by a N2 one. (b) Passing a N2 ﬂux
followed by an O2 one. Note that before each measurement with a
given gas, the sample is exposed to it for 5 min (break in the x-axis and
gray band).
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partially reversible when the sample is placed in O2 at a later
time. We also note that such recovery upon changing the
atmosphere from air to O2 demands illumination, that is, it is a
photoactivated process. The origin of such moisture-related
photodarkening is likely related to the formation of hydrated
species whose formation has been found to be favored by
photoexcited carriers, weakening the hydrogen bonds between
organic cations and PbI6 octahedra
7,22 and promoting the
formation of complexes with H2O molecules. While previous
reports of perovskite hydration have been presented in the
context of degradation of the material, our observations
correspond to a (partially) reversible process when the sample
is illuminated in O2.
The role of the atmosphere on perovskite performance has
been recently studied29,30 in the context of its eﬀect during the
synthesis of the material, where annealing in the presence of
moisture has been shown to improve sample performance via
two paths, favoring the formation of large crystallites (and
hence fewer surface and grain boundary defects) and partial
passivation of noncoordinated atoms at the surface by O2 and
H2O molecules. Here, we have demonstrated that beyond its
eﬀect during their fabrication, the atmosphere plays a crucial
role in the photophysics of perovskites. While further research
will be required to understand the detailed role of H2O and O2
on the photoactivated processes, our present results point
toward the possibility of atmospheric control as a mechanism to
further improve the performance of perovskite materials in
diﬀerent optoelectronic devices. While charge trapping is
expected to play a crucial role in the observed mechanisms
according to recent reports,15−17 our results point to a dynamic
process involving an interaction, mediated by photogenerated
carriers, with the atmosphere in which moisture should be
avoided while O2 is needed for eﬃcient PL. Such control could
be combined with postannealing treatments recently proposed
as a means to passivate traps associated with uncoordinated Pb
or I atoms at the surface.28,31 It is interesting to notice that a
similar behavior has been observed in the ﬁeld of semi-
conductor nanocrystals,32 for which the combined role of
carrier trap ﬁlling and atmosphere has also been pointed out,
although, in that case, moisture was shown to foster PL rather
than quench it.
In order to quantify the eﬀect of the atmosphere on the
photoinduced processes, we have used a consecutive
elementary processes model to ﬁt (see the Supporting
Information) the above-reported slow dynamics of the PL in
diﬀerent atmospheres (see Figure 5). In this model, the
competition between luminescence activation and deactivation
mechanisms is assumed, regardless of their origin.33 In this way,
the eﬀect on the radiative dynamics of the diﬀerent environ-
mental conditions employed can be quantiﬁed. In the present
case, we have obtained activation rates ka with very similar
values in air (1.2 s−1) and N2 (1.8 s
−1) but larger ones in O2
(4.6 s−1), evidencing its key role in this process. A more drastic
change is observed in the evolution of the darkening rate kd,
which drops by an order of magnitude as we change from air
(0.255 s−1) to N2 (0.031 s
−1) or O2 (0.026 s
−1). Within this
picture, the activation rate ka can be identiﬁed with the
photoinduced passivation of charge traps, while kd is associated
with the creation of hydrated species that quench the PL of the
samples, a process that can be largely avoided by removing
water from the atmosphere. While the ultimate mechanism
responsible for the activation/darkening of the PL will require
future work, these results clearly show how the photophysics of
CH3NH3PbI3 perovskites are strongly inﬂuenced by the
atmosphere, and changes of up to an order of magnitude in
the darkening of its PL can be exerted by just modifying the
operation environment of the samples.
We have studied the photophysics of hybrid organic−
inorganic lead halide perovskite ﬁlms under diﬀerent
atmospheres. A combination of photoinduced activation and
darkening processes has been shown to determine their
luminescence. By exposing the perovskite ﬁlms to diﬀerent
atmospheres while optically pumping them, we have isolated
the predominant role of oxygen during the photoactivation and
moisture in the photodarkening. While further research will be
needed to understand the details of both processes, a reaction
between the atmosphere and the sample triggered by
photogenerated carriers, involving the formation of oxide and
hydrate species, is likely at the core of the observed
phenomena. These ﬁndings point toward a controlled
atmosphere being a key factor in the development of eﬃcient
perovskite-based luminescent devices.
■ EXPERIMENTAL SECTION
Sample Fabrication. Methylammonium iodide (CH3NH3I) was
prepared by dissolving methylamine (Sigma-Aldrich 534102) in
absolute ethanol and reacting with hydroiodic acid (Sigma-
Aldrich 210021) in an ice bath. Then, 12.4 mL of methylamine
and 6 mL of hydroiodic acid were mixed with 50 mL of ethanol.
The solvent was removed by rotary evaporation, and the
obtained white powder was washed with anhydrous diethyl
ether. Finally, the product was dried overnight under vacuum at
80 °C. CH3NH3I and PbCl2 (Sigma-Aldrich 268690) were
dissolved at a ﬁnal concentration of 40 wt % in anhydrous N,N-
dimethylformamide (DMF) (the molar ratio between
CH3NH3I and PbCl2 was 3:1).
MAPbI3 ﬁlms were grown onto clear white glass substrates
(ProScitech) previously cleaned sequentially in ethanol,
acetone, 2-propanol, and ﬁnally treated oxygen plasma for
300 s. CH3NH3PbI3 precursor solution (100 μL) was deposited
(substrate area ≈ 2 cm × 2 cm) by spin-coating at 5000 rpm.
After 6 s, while the spinning process took place, 200 μL of
anhydrous chlorobenzene was dropped onto the center of the
substrate, as previously reported. The resulting ﬁlms were then
annealed at 100 °C for 3 h, until a pure CH3NH3PbI3 layer was
obtained.
Optical Characterization. Total transmittance (T) and total
reﬂectance (R) spectra of the CH3NH3PbI3 ﬁlms were
measured using an integrating sphere attached to a UV−vis
spectrophotometer (Shimadzu UV-2101 PC). The spectral
Figure 5. Evolution of the PL maximum with the sample exposed to
diﬀerent atmospheres. Gray (black) curves correspond to experimental
data (ﬁts). Note that before each measurement with a given gas, the
sample is exposed to it for 5 min (break in the x-axis and gray band).
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dependence of the absorptance (A) of the CH3NH3PbI3 ﬁlms
was determined by making use of the formula A = 1 − R − T.
PLE measurements were performed in a commercial
ﬂuorometer (Fluorolog 3 from Horiba). The samples were
excited with a spot of 1 × 1 cm2 with a wavelength variable
between 450 and 850 nm (fwhm = 5 nm), and detection was
carried out at an angle of θ = 22.5° at the maximum of PL (λ =
775 nm).
PL measurements were carried out by optically pumping the
samples with a tunable picosecond laser source (Fianium
SC400) delivering low power (sub-mW), 900 ps long pulses
with a 1 kHz repetition rate. The pump beam was focused
down to a 100 μm spot with an achromatic lens ( f = 10 cm),
which also collected the emission. Spectra were collected at 0.5
s intervals with a ﬁber-coupled spectrometer (USB2000 from
Ocean Optics).
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